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AB STR AC T
Lerm an, Ruth A ., M aster o f Science.-JVIay 1999 Geology
Director: D r. James W . Sears >/ . \
Structural analysis; m acroscopically and m icroscopically, and flu id  inclusion analysis, have 
identified  several late Cretaceous and early Tertiary flu id  expulsion events from  six locations 
throughout the leading edge o f the disturbed belt o f west central M ontana. The flu id  expulsion  
events led to the widespread form ation o f calcite veins. The flu id  temperature, com position and 
spatial distribution o f the veins can bracket tim ing o f magmatic and deform ational events w ith in  
the disturbed belt. A dditionally  the veins and their fluids provide insight into the therm al history 
o f possible petroleum  resources w ith in  the region.
Three hypotheses were proposed for the creation o f the calcite veins: 1) M agm atic sills were 
injected into an undeformed basin and drove o ff basinal brines; 2) Fluids m ay have been driven  
out in  advance o f the thrust plate as it prograded eastward; 3) Rapid accumulation o f the 
sediments that were shed o ff the rising thrust sheet m ay have caused compaction and subsequent 
de w atering o f the underlying sediments.
Various analytical methods were em ployed to test the hypotheses. F ieldw ork showed a w ide  
variety o f spatial distribution and orientation for the veins, w hile slickenside data is consistent 
w ith  regional deform ation. Lab w ork determined the m inéralogieal composition o f the veins to 
be predom inantly calcite. M icroscopic analysis showed a w ide range o f m icrostructures and 
deform ational features, indicating that many o f the veins were a result o f Cretaceous thrust 
faulting. F lu id  inclusion analysis yielded high flu id  temperatures w ith  a suite o f m iddle range 
temperatures that are too hot to be considered a result o f thrust faulting or a geothermal gradient 
produced by sediment compaction.
M any veins were form ed by Cretaceous deform ation, as indicated by the m icrostructure analysis 
and slickenside patterns on stereonets. Y et a significant population o f veins did not conform  to 
the deform ation m odel and seem to be a result o f localized s ill injection and regional m agm atic 
activity. Thus, two o f the three original hypotheses were supported by evidence. The therm al and 
structural evidence obtained from  analysis o f the veins also indicates that the hydrocarbons once 
contained w ith in  the disturbed belt m ay have exceeded their therm al m aturation lim m it. The  
hydrocarbons most lik e ly  escaped from  their reservoirs along the fractures that facilitated vein  
form ation.
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Chapter 1 
Background
1.1 Introduction
A plethora of calcite veins dissect the strata of the leading edge of the disturbed 
belt in west central Montana. Until now, there have been no comprehensive studies on 
the veins in this region. As fluids move through rocks they either become channeled 
into pre-existing fractures or force the rock to split open. When minerals precipitate in 
these fissures the resulting deposits are called veins. After veins are formed, they often 
act as conduits for additional fluid flow (Crawford and Hollister, 1986). The movement of 
fluids through rock can be studied macroscopically as veins that range from centimeters 
to meters thick and microscopically as fluid inclusions along growth planes within mineral 
deposits.
The fluids that formed the veins in the disturbed belt were most likely driven out 
of the foreland basin by expulsion events which may have been due to 1) Cretaceous sill 
injection; 2) Fluids driven out in advance of the prograding thrust front; or 3) Debris shed 
off the prograding thrust front may have led to rapid sediment compaction. This thesis is 
an attempt to characterize the vein assemblages by examining orientation, 
microstructure and temperature of formation. By studying the veins that are ubiquitous 
along the Rocky Mountain front it may be possible to show the importance of fluids in the 
movement of large thrust sheets, as well as how veins can indicate the source and 
timing of fluid events. The veins also may provide insight into the petroleum potential of 
the disturbed belt. This thesis is not intended to address all the tangential issues raised 
when discussing fluids within thrust belts, it is an overview and a beginning.
1.2 Study Area
The area of study is located in Lewis and Clark County of west central Montana, roughly 
between the towns of Augusta and Choteau, 50 km west of the Sweetgrass arch (Figure 1 ). The 
field area is in the eastern edge of the disturbed belt and embraces parts of the following maps 
Geologic and Structure Map o f the Choteau 1^x 2^ Quadrangle, by Melville Mudge, Robert 
Earhart, James Whipple and Jack Harrison (1982); Bedrock Geologic Map o f the Northern 
Disturbed belt, Lewis and Clark, Teton, Pondera, Glacier, Flathead, Cascade and Powell 
Counties, Montana, by Melville Mudge, and Robert Earhart (1983).
1.3 Structure
The disturbed belt of northwest Montana is a zone densely packed with westerly dipping thrust 
faults and folds, bringing Proterozoic and Paleozoic units over Mesozoic strata. (Figure 2). Many 
workers agree that the majority of the structural deformation that shaped the disturbed belt 
occurred between late Cretaceous and middle Eocene time (Mudge, 1970; Hoffman and Hower, 
1976; Mudge and Earhart, 1980; Woodward, 1982). Thrusting across the entire area is believed 
to have occurred on a decollement above the basement surface (Bally et al.,1966; Price and 
Mountjoy, 1970; White, 1978; Monger and Price, 1979; Price, 1980; Woodward, 1982.) This idea 
received much criticism in 1970 by Mudge who believed that the eastern edge of the thrust belt is 
the result of gravitational gliding off the Purcell anticlinorium, a large uplift to the west (Figure 1 ). 
The debate was part of a larger issue concerning the “mechanical paradox” of overthrust faulting. 
Physicists claimed that moving immense sections of rock, as proposed by the thrust-fault 
hypothesis, was impossible without crumbling the entire block (Carlisle, 1965; Pierce, 1966). 
Hubbert and Rubey (1959) showed that the presence of fluid would facilitate movement along a 
ramp or decollement, allowing a block to move without internal damage. Davis et al., (1983) 
showed that fold and thrust belts and accretionary wedges along compressive plate boundaries 
are analogous with snow or dirt being pushed by a plow. Their hypothesis is reflected in rocks 
that have high fluid pressures and move easily with surface slopes and some applied pressure.
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The thrusting of the Montana fold and thrust belt has been divided into two events (Sears, 
1988; Elison, 1991; Thorn, 1996). 1) A western thrust sheet of unknown thickness, but containing 
the entire Belt Supergroup, was thrust northeasterly over an imbricate fan about 82-75 Ma. 
Deformation progressed towards the NE, producing shallow corrugated folds; 2) an eastern 
thrust sheet, more than 100 km wide, moved along the Lewis-Eldorado-Hoadley thrust systems 
after the Paleocene units were deposited, roughly 75-56 Ma. This eastern movement may be 
responsible for creating a frontal ramp which displaced the western sheet and created the Purcell 
Anticlinorium (Sears, 1988).
The Purcell anticlinorium (Figure 1) is a west trending, doubly-plunging anticline within 
the disturbed belt with an inverted profile of the Belt depositional basin and its overlying strata 
(Sears, 1999). It is believed that the convergence of accreted terranes (Distler, 1997) with the 
North American craton during the late Cretaceous and early Tertiary Laramide Orogeny led to 
uplift and arching of the Purcell anticlinorium (Cook and Van der Velden, 1995) as well as to 
rotation of the entire thrust block (Distler, 1997). Structural and paleomagnetic studies have 
suggested a 30® clockwise rotation of the Lewis-Eldorado-Hoadley thrust plate around an Euler 
pole near Helena Montana (Symons and Timmins, 1992; Sears, 1994; Price and Sears, 1997; 
Sears et al, 1997).
Dolberg (1986) concluded, from structural and seismic evidence as well as well log data, 
that a large duplex formed beneath the leading edge of the Lewis-Eldorado-Hoadley thrust plate 
after the deposition of the Tertiary St. Mary River Formation (Figure 3). The imbricated faults of 
the disturbed belt merge into a duplex beneath a large thrust plate that is dominated by the Belt 
Supergroup. Surface, well log and seismic data contributed to the understanding that the thrust 
sheet is shaped like a tapering wedge with a northeast trend where the leading edge has 3-4 km 
of thickness and the distal part is about 25 km thick in the southwest (Sears and Dolberg, 1986).
It Is believed that this monocline overlies a major footwall ramp that continues northward beneath 
the Purcell anticlinorium. The depositional edge for the Belt strata of the plate corresponds 
closely with the footwall ramp, thus, total displacement is estimated to be about 50 km northeast 
for the plate at this location (Sears and Dolberg, 1986).
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Figure 3. A  typical cross section through the field area, perpendicular to strike (from Dolberg, 1986). 
Illustrating that the Lewis-Eldoardo-Hoadly thrust system brought Proterozoic and Paleozoic units over 
Mesozoic strata.
NE Trend
The field area is situated at an enigmatic bend in the strike of the disturbed belt (Figure 
1.2). One hypothesis for the change of strike is based on a possible preexisting fabric of 
northeast-stepping plateaus, collectively known as the Scapegoat-Bannatyne trend (Alpha, 1955; 
Mudge, 1972b). The Scapegoat-Bannatyne trend is roughly sympathetic with the Great Falls 
tectonic zone. The preexisting Scapegoat-Bannatyne trend may have caused interference with 
Cretaceous thrusting producing the observed counter-clockwise rotation of the thrust front. 
Evidence for this interference is seen from several geological features in the field area such as 
the duplex that was studied by Dolberg (1986). The seismic data presented by Dolberg (1986) 
shows a duplexing of the Madison limestone. (Figure 3). If the Scapegoat-Bannatyne trend was 
present as a series of structural plateaus stepping northeast, as suggested by Mudge (1972b), 
when the Madison was thrust over the low graben-type structure it would duplex. Other 
indications that a northeast trending fabric that may have interfered with the motion of the thrust 
belt are the corrugated folds on the edges of the Augusta syncline. These small folds are 
disharmonie with the strike of the Cretaceous thrusting, but they wrap around the Augusta 
syncline perpendicular to its axis. One of these folds is called the Willow Creek anticline in which 
the famous Egg Mountain dinosaurs are preserved. In conjunction with the folding was the syn- 
deformational creation of a paleo-valley, now standing alone as the Gardipee Buttes (Viele and 
Harris, 1965). The buttes were formed when debris was shed off of nearby volcanic centers into 
open valleys. The volcanic material was more resistant to weathering than the surrounding sand 
stones, so as the sand stone eroded the volcanic debris flows were left standing as buttes. Thus 
the Gardipee Buttes (Figure 2) represent a valley that was probably created synchronously with 
thrusting. The lagoonal Cretaceous Horsethief Formation was deposited during the formation of 
these valleys and was subsequently capped by debris flows.
1.4 Stratigraphy
To fully understand the regional geology, the structure must be examined in light of the 
stratigraphy (Figure 4). The eastern part of the disturbed belt can be divided into four structural- 
stratigraphic zones (after Mudge, 1979):
1 ) Thrust faulted Proterozoic Belt rocks and Paleozoic rocks.
2) Thrust faulted Jurassic and Lower Cretaceous mudstone and sandstone. Volcanics and 
volcaniclastic sandstone appear in this zone.
3) Folded and locally thrust-faulted upper Cretaceous mudstone.
4) Upper Cretaceous volcaniclastic sandstone and mudstone; imbricately thrust-faulted in the 
north, complexly folded in the central area and folded and thrust-faulted in the south. Contains the 
dominant vein assemblages.
Proterozoic:
Proterozoic rocks of the Belt Supergroup in the eastern disturbed belt consist of quartzite, 
siltite, argillite, limestone and dolomite. These rocks have been metamorphosed to the chlorite 
zone (Mudge, et al, 1982). The Belt rocks have a thickness of 2000-2900m in the field area 
(Schmidt, 1978). Belt rocks were observed at Ford Creek but were void of veins.
Paleozoic Units: (Devonian and Mississippian)
The Paleozoic units in the field area are very distinctive. The Paleozoic carbonate rocks 
compose the dominant ridges that stretch from the north to the south along the Sawtooth front. 
The colors range from browns and yellows of the Devonian carbonates to the dominantly gray 
Mississippian carbonates. The Mississippian rocks are massive and thickly bedded and they 
show little internal deformation (Dolberg, 1986). Together they have a total thickness of about 
800m (Mudge, et al, 1982). These outcrops were found at Ford Creek, Gibson Reservoir, and 
along Highway 200, but were not sampled due to lack of interpretable vein directions.
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Mesozoic Units: (Jurassic and Cretaceous)
Jurassic
In the field area the Jurassic system begins with the Middie Jurassic marine Eilis Group 
which is divided into the Sawtooth, Rierdon and Swift formations. The section is capped with the 
late Jurassic non-marine Morrison Formation. The total thickness for the Jurassic section is 
about 143m (Schmidt, 1978). Jurassic rocks were found at Ford Creek, locaiity 1 on Figure 2, but 
only the Sawtooth and Swift formations were sampied, the other units were void of veins.
Cretaceous
The Cretaceous system in the field area begins with the continental Kootenai Formation 
which rests disconformably on the Morrison Formation and has an average thickness of 213m 
(Schmidt, 1978). Above the Kootenai is the marine Colorado group, consisting of the Biackleaf 
Formation and Marias River Shale, with an average thickness of about 233 m (Schmidt, 1978). 
Above the Marias River Shale is the Montana Group.
The strata of the Montana Group throughout the disturbed belt area form an eastward- 
thinning wedge, which pinches out southwest of the Sweetgrass arch (Viele and Harris, 1965; 
Bibler and Schmitt, 1986; Horner, in press). These strata are divided into two regressive 
sequences, the iower overlies the marine Colorado Group and includes the Telegraph Creek, 
Virgelle Sandstone and the Two Medicine formations. The transgressive marine Bearpaw Shale 
separates the regressive sequences, but is not present in this fieid area. The Horsethief and 
lower parts of the St. Mary's River are the upper regressive sequence (Viele and Harris, 1965). 
Viele and Harris (1965) and Mudge et al., (1982) mapped the Big Skunk, a voicaniclastic unit 
beiow the Two Medicine Formation. The age and placement of the Big Skunk is currently In 
debate (King, 1997; J. Schmitt personal comm. 1997). For the purposes of this thesis, the Big 
Skunk unit wiil be considered a distinct map unit and although the age is uncertain, wiil remain 
beiow the Two Medicine, out of convention.
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Virgelle Sandstone and Telegraph Creek Formation.
The Virgelle Sandstone (37-49 m. thick) and the Telegraph Creek Formation (roughly 100 
m. thick) constitute a regressive facies transition from the offshore marine strata of the underlying 
Marias River Shale of the Colorado Group to the lagoonal and continental sequences of the 
overlying Two Medicine (Viele and Harris, 1965). Thin beds of marine shale and sandstone that 
fade into the Virgelle Sandstone mostly categorize the Telegraph Creek. The lower part of the 
Telegraph Creek is characterized by olive-gray shale that is Interstratified with yellowish-gray 
sandy mudstone. Invertebrate fossils are abundant in the lower section and scarce in the upper 
section (Schmidt, 1978). The upper part has shale that is interstratified with sandstone that 
upwards becomes the main lithology. This sandstone is composed of quartz, feldspar, and biotite 
with a spary calcite cement.
The Virgelle Sandstone conformably overlies the Telegraph Creek Formation. There is 
an abrupt change from the interbedded sandstone and shale of the Telegraph Creek to the 
massive sandstone with large-scale cross beds of the Virgelle. The lower portion of the Virgelle 
Sandstone is grayish-yellow medium-to-thick bedded, massive feldspathic marine sandstone and 
is interbedded with shale and shaley-mudstone. The Virgelle is usually capped with a prominent 
ridge of dark olive-gray, brown, or dark reddish-brown sandstone, interbedded with dark gray to 
black magnetite and illmenite-rich sandstone. The distribution of the magnetite-rich horizons 
varies with the outcrops, it can range from 10-15 percent in the olive gray sandstone^ to 95 
percent in the dark reddish brown beds (Schmidt, 1978). Both the Virgelle Sandsto/e and 
Telegraph Creek Formation lacked veins that could be used for interpretation. Where veins were 
present, they were disjointed and disconnected.
Volcanic facies, a.k.a. Big Skunk
The Big Skunk is a catch phrase for non-correlated volcaniclastic rocks in the area. I 
strongly suspect that many of the volcanic sequences are unrelated, due to the various types of 
volcanic sequence present. For instance, some sequences are coarse-grained and obviously 
close to their source while others are fine-grained and show evidence of rounded grains.
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Nevertheless, despite their complex nature and variable mineral content they have all been 
mapped as a single unit. These rocks range from volcanic-rich mudstone to sandstone and even 
to conglomerates and debris flows. The colors vary from brown to pink and white ash-fall and 
ash-flow tuffs to interbedded trachyte and latite flows (Viele 1960; Viele and Harris, 1965;
Schmidt, 1972; Schmidt and Strong, 1972; Mudge and Earhart, 1983). The thickness of the 
volcanic rocks can range from 640m to 1,500m. These rocks are prevalent in the field area and 
were sampled south of Augusta, west of Choteau, south of Bean lake and around Haystack 
Butte, at location 2 on Figure 2.
Two Medicine Formation
The Two Medicine Formation is a 650 m-thick unit of clastic sediment that was apparently 
deposited In a restricted foredeep basin, bounded to the west by the Rocky Mountains, the Adel 
Mountain Volcanics to the south and Sweetgrass arch to the east (Lorenz, 1981; Horner, in 
press). The colors range from gray-green mudstone to gray sandstone and mudstone. The 
sandstone is fine-to coarse-grained and in places is conglomeratic. The basal section contains 
fragments of petrified and charred wood. Volcaniclastics are dominant in some sections and if 
the Bearpaw Shale or the Horsethief Sandstone is absent, then the Formation is nearly identical 
to the overlying St. Mary River Formation. Dinosaur fossils are abundant in the middle and 
upper section of the Two Medicine; they include hadrosaurs, ceratopsians and hypsilophodontids. 
This unit yielded a great deal of vein information. Samples were taken from south of Augusta, 
south of Bean Lake, and west of Choteau, at locations 2, 5 and 6 on Figure 2.
Horsethief Formation
The Horsethief Formation was deposited along the western margin of the western interior 
seaway along a barrier island coastline (Bibler and Schmitt, 1986). The colors range from gray to 
brown in the lower section with an upper section of gray to olive-green with magnetite staining. 
Ostrea Glabra fossils have been identified south of Augusta and in the northern field area, 
yielding a reliable age and environmental marker. The base of the Formation is interfingered with
13
the transgressive Bearpaw Shale while the top of the Formation is time-equivalent with the basal 
St. Mary River Formation in the west. The calcite veins found within this unit showed uniform 
orientations and single veins were traceable over large distances . Many samples were taken 
from the Horsethief Formation which is found capping many of the ridges in the foothills of the 
Rocky Mountains around Augusta and Choteau, locations 3, 5 and 6 on figure 2.
Sf Mary River Formation
This Formation straddles the boundary between the Cretaceous and Tertiary periods. It 
is composed of grayish-green to olive-green mudstone and sandstone. There are some coarse 
to very coarse beds of volcanic sandstone which closely resembles the Two Medicine Formation. 
The middle section is marked by a thin bed of white ash-fall tuff. The total thickness is about 
800m (Schmidt, 1972b; Mudge, 1982). This unit was not productive for vein analysis. Many 
veins were disjointed and eroded. Thus, it was difficult to obtain a sense of direction from the 
outcropping veins.
14
1.5 Sills
Pyroxene-diorite and pyroxene-trachyandesite sills dilate the Cretaceous sediments 
throughout the disturbed belt (Earhart, 1975; Sears et al; 1996, Sears et al, 1998) and central 
Montana (Figure 5). The sills provide an important time constraint for deformation because they 
share deformation features with their host rocks. It is concluded then that the sills must have 
intruded the foreland basin before deformation took place, thereby providing an upper limit on the 
age of deformation (Sears et al, 1996; Sears and Chamberlain, 1998). Biotite from a pyroxene- 
diorite sill in the hanging wall of the Lewis-Eldorado thrust near Gold Creek Montana gave an 
40Ar/39Ar date of 76 +/- 1.2 Ma (Sears et al, 1998). However, a similar sill from the footwall of 
the Lewis-Eldorado-Hoadley plate, near Gibson Reservoir, produced an Ar/Ar age of 58.8 +/- 1.5 
Ma from biotite (Sears et al, 1998). The younger age appears to indicate the time of cooling of 
the sill under the immense load of the overlying thrust sheet. If these sills intruded into an 
undeformed foreland basin (Sears et al, 1996) they may have had a substantial impact on the 
basin sediments and may have been responsible for a major dewatering event. In such a 
scenario the resulting veins would have a hotter temperature of formation and would probably 
show less coeval growth and deformation than veins produced strictly from tectonic events.
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Figure 5. Palinspastically restored paleogeographic map showing possible reconstructed arrangement and 
distribution o f the andésite sill complex in the Montana foreland basin (Sears and Chamberlain, 
unpublished, 1998).
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1.6 Age by Thermal and Geochronologic Analysis
Cretaceous argillaceous sedimentary units and bentonite beds within the disturbed belt 
and from the Sweetgrass arch were studied in detail by Hoffman and Hower (1976) and Altaner et 
al., (1984). Samples were analyzed with x-ray diffraction and K-Ar dating techniques. They 
discovered that the shale within the disturbed belt records temperatures from 100* to 175° 0  and 
records dates of 72 to 56 Ma. The thickness of the Cretaceous section before faulting and folding 
occurred is estimated to have been between 600 to 1,370m (Mudge, 1972b). If this section was 
subject to even a relatively high geothermal gradient (30° C/km) the maximum temperature 
possible due to sedimentary burial would be roughly 40° to 60°C, as is the case in the 
Sweetgrass arch area, where the shale demonstrates a mineralogical assemblage which is only 
possible if temperatures did not exceeded 60 °C (Altaner et al., 1984).
The Lewis plate is estimated to have been between 6 and 12 km thick (Childers, 1963; 
Ross 1959; Peterson, 1986; Sears, 1988). Hoffman and Hower (1976) calculated from this 
thickness that with a 20 °C/km geothermal gradient, the base of the Lewis plate would have been 
roughly 200 °C. Hoffman and Hower asserted that, based on the mineralogical assemblages, 
temperatures in the disturbed belt did not exceed 200° C (Figure 6). The K-Ar dates, 72 to 56 
Ma, are considerably younger than the age of the original ash, which is known from stratigraphie 
evidence (Hoffman and Hower, 1976). Thus, the dates record when the maximum temperature of 
100°C was reached and the dates indicate that this was probably after thrusting took place. The
56.2 Ma gives a younger boundary on the time of thrusting, indicating the cessation of tectonic 
movement and the subsequent cooling of the footwall of the Lewis-Eldorado-Hoadley plate. The 
younger boundary date is supported by Sears et al., (1998) with the 58.8 +/- 1.5 Ma Ar/Ar age 
from biotite in the pyroxene-andesite sills near Gibson Reservoir. Recent fission track studies on 
zircon and apatite in the thrust sheet suggests that the temperatures in the Lewis thrust sheet 
ranged from 110°C to 230°C, and that the thrust sheet was rapidly quenched as it was being 
uplifted (R. A. Price et al, 1999 e-mail).
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Figure 6. Approximate depth o f burial o f stratigraphie sections east o f the Disturbed Belt. Also shows 
petroleum maturation depüi and post-thermal maturation depth (Peterson, 1985).
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1.7 Petroleum Potential
Northwestern Montana, from the disturbed belt and eastward towards the Sweetgrass 
arch, is composed of many potential petroleum source-rocks as well as many potential petroleum 
reservoirs. However, oil and gas extraction and production in northwestern Montana has 
historically been confined to the Sweetgrass arch area. This thesis has bearing on petroleum 
evolution as it analyzes fluids trapped In veins.
As a general rule, the Belt Supergroup section lacks porous sandstones, and has no 
known source rocks nor any reservoir rocks. The Cambrian system has gray and dark gray 
marine shale beds which are potential source rocks while the thick porous Hasmark dolomite 
beds are a good potential reservoir (Peterson, 1986). The Devonian Jefferson is classically 
identified by its petroliferous odor and is occasionally stained by petroleum, yet major 
accumulations have not been found (Peterson, 1985). The Mississippian Madison's porous Sun 
River Dolomite facies is considered to be the major Paleozoic reservoir In the Sweetgrass arch 
region and is slated for future exploration (Peterson, 1986). Within the Mesozoic units the 
Jurassic Sawtooth and Swift formations contain productive reservoirs in the Sweetgrass arch 
area. The Sawtoooth is composed of dark-marine-shale beds, which are phosphatic and thus are 
excellent potential source rocks. Likewise, the Swift Formation has a dark-marine-shale 
sequence but Is not as spectacular as the Sawtooth (Clayton et al, 1983). The Jurassic Morrison 
Formation also has dark-shale and coaly-lacustrine beds, but its petroleum potential is unknown 
(Peterson, 1985). The Cretaceous Colorado Group has numerous transgressive and regressive 
marine to non-marine facies which contain clastic near-shore continental and marine reservoir 
sandstone beds and dark-continental or marine-shales. The Cretaceous Blackleaf and Marias 
River formations are good potential source rocks within the Sweetgrass arch (Clayton et al,
1983).
Comparing the petroleum potential of western Montana with southeastern Idaho, 
Wyoming and northern Utah, several key geological factors seem to have contributed to 
Montana’s virtual lack of petroleum resources. The stratigraphie section in the disturbed belt 
region is thinner and less complete and the remaining source rocks have undergone more
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tectonic and igneous activity than Montana’s neighbors. Within the disturbed belt the entire 
stratigraphie sequence has probably exceeded the thermal maturity depth (Figure 6). Additionally, 
structural complexity and fluid movement has probably facilitated petroleum migration out of the 
reservoir during tectonic movement. Traveling from the disturbed belt towards the Sweetgrass 
arch the stratigraphie units have not reached nor exceeded the thermal maturity depth and so 
they are still viable petroleum resources. Also, Fanshawe (1985) has pointed out that the 
Sweetgrass arch is a good petroleum reservoir due to the Mesozoic and Cenozoic igneous 
intrusions which “modify and improve the stratigraphie traps in the lower Sawtooth and lower 
Cretaceous sediments.”
Chapter 2 
Methods
2.1 Field Methods
My field season began in late May 1997 and ceased in mid October 1998. I picked 
several areas of tectonic interest within the study area which were intersected by roads and on 
public land (Figure 2). At each location I described and sketched the visible formations, lithology 
and structure. Also at every location I took several strike and dip or trend and plunge 
measurements with a Brunton compass, using the right-hand-rule. On separate data sheets I 
recorded the 243 measurements; the dip and strike direction of bedding and veins and the trend 
and plunge of slickensides or slickenfibers, to later be plotted in stereonet diagrams. The next 
step was to take hand samples from the veins that had been recorded on the data sheets. These 
samples were labeled with the field station and location within the outcrop and a similar notation 
was entered into the field book. Lastly, I photographed many of the veins and the prominent 
structural features.
2.2 Lab Methods
Three different lab methods were employed to determine the nature of the veins. 1 ) X-ray 
diffraction was used to determine the mineralogical composition of the veins. 2) Thin section and 
microstructure analysis was used to see what the crystal patterns reveal about the crystal growth 
and degree of deformation the vein experienced. 3) Fluid inclusions were examined to try to 
identify the temperature and salinity of the fluid that formed the vein.
2.2.1 X-ray Diffraction (XRD) Analysis
X-ray diffraction analysis required crushing 5-1 Og of the sample by hand with a clean 
mortar and pestle. Once the sample was ground into a fine powder it was put aside while 
approximately 2 g of quartz was ground for an internal standard. Next I mixed the two powders 
and re-ground
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them together. Then I loaded the powder into a back loader and it was ready for XRD. When the 
analysis was complete I placed the remaining powder into a small 5-gram container labeled with 
the sample number for future reference.
XRD pattern identification for several samples eluded Professor Thompson and myself, it 
was very difficult to decisively conclude the precise nature of certain of these samples. Lastly we 
decided that there was another mineral coexisting with the calclte for these anomalous samples.
In an attempt to figure out what mineral was coexisting with the calcite in the veins, I hand 
crushed a fresh sample and dissolved the calcite fraction in HCI. The remaining solids were then 
run through the X-ray diffractometer as powder on a greased slide. Some revealed minor 
amounts of quartz, while several others remained a mystery.
The samples that remained unidentifiable were sent off to a NASA lab in Houston Texas, 
and one sample was sent to the Ziegler Gilsonite and Chemical Company in New Jersey. NASA 
has yet to send a reply.
2.2.2 Thin Section Analysis
The thin sections were originally intended to be used for fluid inclusion analysis. Upon close 
inspection they not only contained fluid inclusions, but microstructures. The microstructures were 
used as deformation indicators and show compression and/or extension. Additionally, the shape 
and size of the crystals and the accompanying twins was used to bracket deformation 
temperature.
2.2.3 Fluid Inclusion Analysis
Each vein sample was cut into small sections, roughly 103 microns thick, mounted on a 
glass slide and doubly polished, then glued to the slide with super-glue. After the microstructures 
were examined, the slides were placed in acetone to remove the super-glue. Then the calcite 
was removed from the glass and broken Into small pieces, If not already fractured. Next, each 
piece of the sample was examined under the fluid-inclusion microscope to determine which 
pieces had the best fluid inclusions. The best inclusions are those that are well-formed negative
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crystal shapes with no evidence of “necking down” or stretching (Roedder, 1984). This is to 
ensure that the fluid/vapor ratio has not changed, which would skew results. Unfortunately, many 
samples did not have inclusions that could be used for analysis due to the deformation of 
inclusions and dark murky calcite which impaired observation.
The next step was to heat the sample until the bubble inside the inclusion disappeared. 
This method yielded the temperature of homogenization (Th), which is lower than the trapping 
temperature. Each sample that contained inclusions which yielded results greater than 70*C 
often produced several clusters of temperatures per sample. In the literature this is often an 
indication of poor inclusion specimens, however the tight clustering of the temperatures suggests 
several fluid events. The clusters were averaged and statistically analyzed after several trials 
were performed.
Lastly the inclusions were frozen with liquid nitrogen. The temperature at which the last 
ice crystals melt is known as the cooling temperature. This step enables one to determine the 
salinity of the fluid that created the vein. For instance, a high salinity would show a very low 
freezing point versus the comparatively high freezing point for pure water. However, many 
technical difficulties arose during this step and I was ultimately prevented from reproducing the 
results for statistical precision, therefore the results are not included In this study.
Chapter 3 
Data
3.1 Macroscopic View
3.1.1 Hand Samples
The field area is divided Into four areas south of Augusta; numbered 1-4, and two areas north of 
Augusta; numbered 5-6. (Figure 2). Samples were collected based on the phenotypic appearance of the 
vein. As many varieties of veins were sampled as possible. Some veins were deformed, folded or offset by 
another vein, many of these veins had slickensides on the vein-rock interface. Other veins represented 
fracturing events and were not deformed. There were also veins that were distinguishable from one another 
based on crystal size and shape, they ranged from coarse crystal veins to fine-grained crystal veins and 
from veins with fibrous shapes to those with well formed euhedral rhombs.
See Appendix I for XRD patterns.
South of Augusta
LOCATION SAMPLE
#’S
VEIN
MINERAL
ROCK
LITHOLOGY
FORMATION COMMENTS
1. Ford 
Creek
RL 1-10 Calcite and 
solid
hydrocarbons
Limestone, 
Sandstone and 
shale
Cretaceous
Kootenai
These veins 
record 
intense 
deformation.
2. Bean 
Lake area
RL 15-28 Calcite and
zeolite
(Laumontite)
Volcaniclastic 
sandstone, ash- 
flow, debris flow
Cretaceous Big
Skunk
Volcanlcs
Some
deformation is 
indicated.
3. Hwy. 
287 btw 
Augusta 
and Hwy. 
200
RL 29-32 Calcite, and 
aragonite 
replaced by 
calcite
Volcanicalstic
sandstone
Cretaceous
Horsethief
Mostly bed- 
parallel veins
4. Highway 
yard area 
(Hwy.200)
RL-35 a- 
c
Calcite and 
zeolite
Limestone Mississippian
Madison
Formation
Intense 
deformation is 
apparent
North o f Augusta
LOCATION SAMPLE
# ’S
VEIN
MINERAL
ROCK
LITHOLOGY
FORMATION COMMENTS
5. Pishkun
Canal
Road
RL 11-13 Calcite and 
solid
hydrocarbons
Volcanic rich 
sandstone and 
shale
Khf, Ktm and 
Ksmr
Note
similarities 
with RL3b
6 . West of 
Choteau
RL 39-49 Calcite Volcanic rich 
sandstone and 
mudstone
Cretaceous Two
Medicine
Formation
Deformation 
consistent 
with regional 
structure.
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3.1.2 Spatial Distribution and Vein Orientations
Strike-dip and trend-plunge data from the field analysis is presented here in the form of 
stereonets, see Appendix II. These diagrams shed light on the movement, strength and behavior 
of the rocks in response to massive fluid expulsion and/or dewatering. The stereonets are lower- 
hemisphere projections of poles to the vein planes and slickenlineations.
South o f Augusta
AREA VEIN STEREONET SLICKENSIDE STEREONET
South of 
Augusta 
(combined 
data)
The combined data gives mixed 
results. One interpretation can 
single out three features: 1) 
horizontal vein component 2 ) 
possible conjugate pair of veins 3) 
southwest trending small circle of 
veins.
However, these features are not 
supported by statistical 
significance. So this stereonet can 
also be viewed as a relatively 
random array with no statistically 
significant features.
The corresponding slickenside stereonet 
shows a strongly statistically significant 
NE-SW trend.
1. Ford 
creek
Veins do not appear to represent 
any one particular orientation. 
Thorn (1996) documented similar 
data from the cleavage and joints 
in the area.
The slickenside stereonet for this area 
shows a strong NE-SW trend. This 
diagram is consistent with the Cretaceous 
folding fabric expected for this area.
2. Bean 
Lake
Two vein sets, labeled 2a and 2b, 
have shallow dips and are roughly 
90° apart.
Slip direction lies along at least one of the 
vein sets, perhaps both. May indicate a 
conjugate pair.
3. Highway 
287
Folded veins in a girdle with a fold 
axis trending northwest.
Possibly indicating slip produced when the 
veins were folded.
4. Hwy. 200
(Highway
yard)
These veins show a girdle with a 
fold nose to the NW.
No measured slickensides. Although it 
would be expected to see them here.
North o f Augusta
AREA VEIN STEREONET SLICKENSIDE STEREONET
North of 
Augusta 
(combined 
data)
Steeply dipping veins and shallow 
planar veins.
Slip direction north south and east west.
5. Pishkun 
Canal Road
Two sets of steeply dipping veins 
dip west and south.
North south and east west slip directions.
6 . West of 
Choteau
Bed parallel veins and northwest 
steeply dipping veins.
No slickensides measured. On the bed 
parallel veins there is a slip component.
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3.2 Microscopic View
3.2.1 Microstructures
The following calcite specimens were collected throughout my field area (Figure 2). Out 
of approximately 60 calcite samples collected, eight thin sections were made. The eight were 
chosen based on most interesting structural features as well as being geographically 
representative of the regional structure. The thin sections display various microstructures and 
micro-fabrics, suggesting either different rock types responding differently to an event or several 
events that had localized effects. It is interesting to note that in some localities along with the 
calcite there was a black organic material, gilsonite, or a metamorphosed version, called 
grahmite, (see discussion). Additionally, two sites contained zeolites, one was in a volcaniclastic 
nest of veins and the other was in a highly deformed area. Otherwise ail the samples are 
predominantly calcite.
/. South o f Augusta
SAMPLE
#
INTERESTING FEATURES COMMENTS TWIN
TYPE
1. RL-3b Densely packed with elongate calcite 
crystals, oriented in a uniform 
direction.
III
2. RL-
22v
Crystals are large, well formed, 
rhombs. Contains zoned crystals.
II
3. RL-30 Elongate fibrous crystals. The thin 
section reveals an aragonite structure.
Crystals are at low angles 
to the wall rock. Indication 
of shearing.
III
— RL- 
32c
Large calcite rhombs, intensely 
twinned with no sign of crystal rotation.
Serrated superimposed 
twin fabric. Twin boundary 
migration.
IV
4. RL-35 Euhedral crystals and some 
subeuhedral. Twins taper and are 
slightly curved.
Many zoned crystals. The 
host rock appears 
brecciated around the 
wall-rock contact.
III and IV
It. North of Augusta
SAMPLE
#
INTERESTING FEATURES COMMENTS TWIN
TYPE
5. RL- 
12F
Fibrous eiongate crystais show 
periodic opening and fluid injection.
Twins within twins. III
6 . RL-49 Densely packed with elongate fibrous 
crystals.
Cf. RL-3b. Crystal pattern 
is indicative of simple 
shearing, but shows 
recrystallizaton
IV
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3.2.2 Fluid inclusion Data
Fluid Inclusion analysis can elucidate the paleo-temperature at which the veins formed; 
the composition of the fluid and the hydrostatic pressure at the time of the vein’s formation (< 
biblio >). This method of analysis was chosen for the study because fluid inclusions can yield a 
variety of information about the vein and the fluid which moved through the fracture.
Fluid Inclusions (see Appendix III for fluid inclusion details)
SOUTH OF 
AUGUSTA
SAMPLE #O F
INCLUSIONS
Th‘̂ 0
AVG.
COMMENTS
1. Ford 
Creek
RL-3b N/A N/A This sample is very dark and murky. The 
inclusions are very small and exceedingly 
difficult to see.
2. Bean 
Lake
RL-22V 23 negative 
crystal shaped 
inclusions.
246.6
to
383.5
Primary inclusions in negative crystal 
shape, indicating that fluid did not leak. 
Many hydrocarbon filled inclusions. Also 
hydrocarbon staining was observed.
3.
Highway.
287
RL-30 N/A N/A Crystals are too small and dense to see 
inclusions.
RL-32C 13 negative 
crystal shaped 
& several 
secondary 
inclusions
<70
190.1
to
286.6
Lots of large clear calcite rhombs. Yet 
yielded little data. This vein was 
recrystallized and deformed after initial 
deposition. Indicates three different fluids 
moved through the vein.
4. Hwy. 
200
Highway
yard
RL-35 19 secondary 
inclusions
<70
240.2
to
272.1
Liquid-filled primary inclusions. 
Secondary inclusions yield higher 
temperatures. Shows three fluid events 
moved through the vein.
NORTH
OF
AUGUSTA
SAMPLE #O F
INCLUSIONS
Th"C COMMENTS
5. Pishkun
Canal
Road
RL-12f 10 negative
crystal
shaped.
171.5 
to
288.5
The Inclusions have negative crystal 
shapes and although the vein has 
experienced deformation, there is little 
necking down.
6 . West of 
Choteau
RL-49 7 empty or 
liquid filled 
inclusions
<70 Liquid filled primary inclusions with no 
sign of stretching or leaking indicate low 
temperatures. However, microstructures 
indicate deformation occurred at higher 
temperatures.
Fluid inclusion data range for each inclusion tested.
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RL-22V RANGE Avg RL-35 RANGE Avg
1! 356.8 i 357.3 357.05 1 262.8! 263.5 263.15
2l 355.9 i 356.8 356.35 21 260.1 260.4 260.25
3 322.1 322.1 322.1 3! 257.8 259.1 258.45
4j 344.2 345.1 344.65 4 240.2 240.9 240.55
5i 347.5 349.1 348.3 5 271.5 272.1 271.8
6 i 319.8 321.2 320.5 6 | 235.7 235.1 235.4
71 346.1 346.9 346.5 7 239.8 240.3 240.05
8 | 350.8 i 352.4 351.6 8 265.7 265.8 265.75
9| 357.8 359.3 358.55 9 265.7 266.9! 266.3
10! 343.2 347.4 345.3 10 265.9 n  266.3 266.1
11 ; 343.6 343.9 343.75 i
121 347.61 348.2 347.9
13| 351.81 355.1 353.45 11
14| 250.91 251.3 251.1
15| 248.51 255.4 251.95
16 1 246.61 248.1 247.35
17 260.31 262.1 261.2
181 253.7 253.9 253.8
19: 248.91 249.9 249.4
20 1 377.2 378.5 377.85 1
21 1 383.4 383.9 383.65
221 377.3 377.9 377.6 1
231 381.71 383.5 382.6 RL-12f ! RANGE Avg
241 381.21 381.9 381.55 1 276.7 277.3 277
25 i  377.91 378.5 378.2 2 284.2 286.2 285.2
3 275.4 276.1 275.75
■ 1 1 4 270.8 271.1 270.95
i 5| 244.7 245.3 245
RL-32C 1 RANGE ; Avg 6 ! 240.6 242.5! 241.55
i :  211.91 213.9! 212.9 7 255.4 256.9 256.15
2| 208.91 210.11 209.5 8 ! 247.3 249.1 248.2
31 205.5! 208.9! 207.2 9! 290.2 291.3 290.75
4! 211.71 212.61 212.15 10 240.7 241.2 240.95
4j 275.4! 276. .2 275.4 11 288.5 288.7! 288.6
61 203.3! 203.9 203.6 12! 244.8 245.51 245.15
71 205.9! 206.1 206 13! 289.4 290.6 290
81 193.41 195.1! 194.25 14| 173.5 1 173.9 173.7
9 190.11 192.11 191.1 15! 145.1 174.91 160
10, 208.81 209.1 208.95 161 171.4 172.2! 171.8
11' 286.5! 286.7! 286.6 ! 1
121 258.91 259.21 259.05 11
13 274.7 i 275.1! 274.9 '
1
Chapter 4 
Observations and Interpretations
Most veins are extensional fractures that have filled with minerals (Twiss and Moores, 
1992). The features that result from fracturing display the rock’s unique response to a stress, 
which may be the result of tectonic or igneous activity. It is believed that veins are displacement- 
controlled; that they grow in the opening direction of the rock (Passchier and Trouw, 1996). If the 
fibers filling the vein form at low angles to the wall rock, they are known as slickenfiber llneations, 
but if they are at high angles or are roughly perpendicular to the wall rock then they are known as 
tension gashes (Passchier and Trouw, 1996).
Fibrous Growth Patterns
Tension gashes have four different displacive growth patterns; syntaxial, antitaxial, 
composite and ataxial (Twiss and Moores, 1992; Passchier and Trouw, 1996) (Figure 7). 
Syntaxial, antitaxial and composite crystal growth patterns involve a medial line and thus 
symmetry: ataxial growth does not. Syntaxial growth occurs at a medial line in the vein while 
antitaxial fibrous growth occurs at the interface between the fibers and wall rock. Composite 
growth is thus a combination of syntaxial and antitaxial growth with usually three or more median 
lines. The orientation, shape and curvature of the fibers can record precise deformation while the 
fiber was growing. Ataxial veins display growth that is non-localized, with repeated fracturing and 
growth at different sites without a medial line. Repeated microfracturing and deposition of 
material causes the fibers anneal, or recrystallize, and can appear optically continuous. Because 
ataxial growth can occur anywhere along the vein, the shape and orientation of the fibers do not 
record specific deformation events, but the vein can indicate a general deformation direction 
(Twiss and Moores, 1992; Passchier and Trouw, 1996).
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Syntaxial Vein
stage 1
time
Antitaxial Vein
Composite Vein
Ataxial Vein
stage 2
Figure 7. Illustrating the differences between syntaxial, antitaxial, composite and ataxial vein growth 
(Passchier and Trouw, 1996).
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Fluid circulation
The development of fibrous veins Is associated with the circulation of fluids in the rocks 
(Twiss and Moores, 1992, Passchier and Trouw, 1996). Fluid pressure in rocks is usually 
between hydrostatic pressure and the smallest principal stress 03. Should fluid pressure 
Increase, due to tectonic loading, dewatering from an Igneous Intrusion, pore space reduction or 
any number of other possibilities, then the rock must find a way to maintain equilibrium. Higher 
fluid pressure leads to an increase In the permeability of a rock because It facilitates the opening 
of fractures by reducing the effective compressive stresses (Yardley, 1986). If fluid pressure 
continues to increase, despite Increased permeability the rock will fracture In a process known as 
hydraulic fracturing. Hydraulic fracturing occurs normal to the least principal compressive stress, 
03, when the fluid pressure exceeds a 3 by an amount greater than the tensile strength of the rock 
(Yardley, 1986). The resulting fractures Indicate the orientation of the principal tectonic stress 
(Twiss and Moores, 1992).
Circulating fluids and the build-up of pressure can lead to pressure-solution, a release of 
pressure by dissolving rock. The field area Is underlain by an extensive amount of limestone,
e.g.: Mississippian Madison, Jurassic Rierdon and Cretaceous Kootenai. The folding and 
thrusting led to about 20% - 30% of the Rierdon limestone being dissolved (Thorn, 1996). In 
order to facilitate the movement of that much calcium carbonate during a pressure-release 
situation, the calcium carbonate must have been carried out of the system in the same 
percentage In order to keep the fractures from becoming clogged (Thorn, 1996). This suggests 
that the system was an open system, where fluids were allowed to escape to the surface.
All this said, some rocks which are known to have been tectonically altered or deformed 
or even close to an igneous source are virtually void of veins. It can be concluded that the 
permeability of these rocks must have been sufficient to permit fluid to escape while the fluid 
pressure was below the threshold for fracturing (Yardley, 1986). Thus fluid pressure, fluid influx 
and permeability are critical factors for determining whether or not veins will form. This is seen in 
the field area where there are little to no veins in the Virgelle Sandstone, Telegraph Creek and St 
Mary River Formation, but many veins occur in the Two Medicine and Horsethief formations. The 
Two Medicine and Horsethief formations may have a higher volcanic ash content making them
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less permeable to fluid flow. Also, they have greater brittle strength than the others mentioned, 
so they fractured coherently. This correlates with their tendency to form the resistant outcrops 
that are seen in the field area with large continuous veins.
e-Twins
The calcite crystals observed in the field are twinned; they show evidence of deformation. 
Twinning can occur by different mechanisms. At temperatures above 500°C, deformation results 
in glide along the crystallographic r and f planes in calcite. However, calcite can also deform at 
low temperatures and twinning results along the crystallographic e plane. The resulting twins are 
therefore called e-twins (Borradaile and McArthur, 1990). A critical resolved shear stress of only 
about 10 MPa is required to produce a twin in a calcite crystal, at standard temperature and 
pressure (Burkhard, 1993). If a differential stress (two times the maximum shear stress) of about 
20 MPa is applied to calcite, twinning will occur only in the grains that are oriented with the twin 
plane parallel to the plane of maximum resolved shear stress (Figure 8 ). With a differential stress 
higher than 20 MPa, grains that are not in the ideal twinning orientation would be able to twin. 
(Twiss and Moores, 1992) Figure 8 demonstrates the maximum displacement permitted by twin 
geometry. Maximum shear strain can be calculated from the maximum displacement as: es= % 
tan W = % (2 tan 19.25)= 0.349
Thus e-twins can accommodate a specific amount of strain and the amount of strain 
tolerated is specified by the crystal structure, which for calcite is .349 (Twiss and Moores, 1992, 
Snoke, et al, 1998). It is not surprising, then, that a strong crystallographic-preferred-orientation 
(CPO) easily results in calcite from nominal strain (Borradaile and McArthur, 1990). Often the 
CPO creates a lattice of oriented grains to develop within veins. Much research has been 
devoted to the study of lattice preferred orientation (LPO). Using a universal stage and oriented 
samples it is possible to determine the shear-stress direction for the crystal lattice, but that is 
beyond the scope of this study.
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hostTwin 38.5°
lamella /
-V j
e twin plane 
{1012} V
52°30'
Twin
c-axisUntwinned
host x e
45°Host
c-axis
Figure 8. The geometry of twinning in calcite. A, Structure of an untwinned calcite crystal. B. Calcite 
lattice after two layers of the lattice have been sheared parallel to the e-twin plane. C. Further rotation 
producing a perfect reflection twin across the shear planes. The maximum shear strain can be calculated 
from the maximum displacement permitted by the twin geometry: e = 1/2 tan v|/ = l/2 [2  tan 19.25] = 0.349. 
(Twiss and Moores, 1992).
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Temperature and e-Twins
Different twin patterns can develop from various degrees of stress and temperature.
Thus, e-Twin lamellae are useful indicators of temperate and degree of deformation. Twin 
lamellae must not be relied on, as a primary paleopiezometer (stress indicator), due to the degree 
of interpretation needed to assess each twin. (Figure 9). Yet, they are very useful for supporting 
other analytical evidence.
TYPE I TYPE I I TYPE I I I TYPE IV
Geometry
Description
Thin twins 
Straight
1, 2 or 3 sets per grain
Thick ( » 1  |Lun) 
Straight 
Slightly lens 
shaped
Curved thick twins 
Twins in twins 
Completely 
twinned
Thick, patchy 
Sutured twin 
boundaries 
Trails o f tiny 
grains
Interpretations Little deformation 
Little cover 
Very low temperature 
Post-metamorphic or 
late tectonic
Considerable
deformation
Completely
twinned grains are
possible
Syn- or post-
metamorphic
deformation
Large deformation 
Intracrystalline 
deformation 
mechanisms (r-f 
glide)
Syn-metamorphic
deformation
Large deformation 
Dynamic 
recrystallization 
(grain boundary 
migration) 
pre-or syn 
metamorphic 
deformation
Temperature <200° C 150-300°C >200°C >250°C
of twins according to their appearance in thin section (Ferrill, 1991 ; Burkhard
1993; Passchier and Trouw, 1996).
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Recovery and Recrystallization
Crystals can tolerate a certain amount of internal strain energy. Deformation increases 
the internal strain energy by changing the distance between atoms (Burkhard, 1993; Passchier 
and Trouw, 1996). After a deformation event, atoms tend to move towards equilibrium and 
recovery often takes place at subgrain boundaries. Subgrain boundaries form from an alignment 
of the dislocations In the crystal structures (Twiss and Moores, 1992), Subgrain boundaries 
develop between portions of a crystal with higher stored strain energy and those with lower stored 
strain energy, this process is called recovery. Aside from recovery, there is another method for 
reducing internal energy. New crystals develop from old grains during deformation by a process 
called dynamic recrystallization (Twiss and Moores, 1992; Burkhard, 1993). Recrystallization 
reduces internal free energy by local displacement of the grain boundaries, by a process called 
grain boundary migration. The grain boundaries may migrate into neighboring crystals and 
eventually this migration forms a new smaller crystal. The smaller crystals are called subgrains, if 
they indicate having been rotated 10® from the position of neighboring crystal, they are then 
called neoblasts (Burkhard, 1993; Passchier and Trouw, 1996). See photos of samples RL-30 
and RL-47, figures 13 and 16. Grain boundary migration is primarily driven by differences in 
stored energy and thus is a temperature-dependent process (Burkhard, 1993). If enough heat is 
present the reactions continue until the entire vein is recrystallized, this is called static 
recrystallization and there is little evidence that deformation ever took place. Often there is just 
enough heat added to the system to begin recrystallization, not to complete the process.
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4.1 Calcite veins 
I. South of Augusta
1. RL-3b. This sample is from Ford Creek. It is found in the Cretaceous Kootenai b unit. At the same locality 
an interesting black vein was found. This black material is most likely solid petroleum that was mobile 
during the fluid event that deposited the calcite vein. The calcite appears dense and the crystals have a 
fibrous and elongate shape. The fibers are oriented in a uniform direction. The twins incompletely cover the 
grains suggesting a fluid injection after deformation. There Is evidence of annealing, lending to a bent 
optical appearance to the crystals. The antitaxial growth pattern records three events of fluid injection. The 
density of twins and presence of bent twins suggests type III twinning.
2. RL-22V. This sample was collected from the Dearborn area south of Bean Lake. The area is 
predominantly volcaniclastic. The zeolite laumontite was found here in a different vein, RL-26. The calcite in 
this sample is in large, well-formed, rhombs. It has weak yellow luminescence under a short wave UV. The 
thin section reveals that the sample Is intensely twinned, but appears to reflect type II twinning. There are 
some zoned crystals near the borders of the thin section within the matrix.
3. RL-30. This sample is from the Cretaceous Horsethief Formation along Highway 287 N to Augusta. This 
sample shows fibrous crystals. The XRD pattern shows calcite, but the thin section reveals an aragonite 
habit. Under a short wave UV lamp this sample glowed a yellowish white. The most interesting feature of 
this sample is the low to medium-low angles of the crystals relative to the wall rock, indicating that the vein 
was highly sheared as it was forming. Additionally there Is a large amount of grain boundary migration, 
indicating type IV twinning. The presence of neoblasts supports the hypothesis that this sample was 
deformed and that the internal energy of the crystals was attempting to reach a stable configuration when 
the fluid temperature was quenched.
 RL-32C. This sample also Is from Highway 287 south of Augusta, and likewise is from the Cretaceous
Horsethief Formation. Under a short wave UV lamp this sample was strongly orange luminescent with a 
yellow rim. There are intensely twinned, large calcite rhombs with no sign of crystal rotation. It is strongly 
cleaved with a dense concentration of twins. Some parts of the vein show a serrated twin fabric that is offset 
by thin straight twins. This sample shows type III twins.
4. RL-35. This sample is from along highway 200 near the highway yard. The sample was in Mississippian 
Madison limestone. A zeolite was found at this locality In the Two Medicine Formation. Under a short wave 
UV lamp the calcite sample has a yellow streak near the medial line. There are some euhedral crystals and 
some are subeuhedral. In many grains the twins taper and are slightly curved. There are many zoned 
crystals. Static recrystallization is seen in some places. Some of the twins are kinked, almost crenulated.
The host rock appears brecciated around the wall-rock contact, implying multiple deformation events. There 
are type III and IV twins shown here.
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RL-3b
3b .1. (10x, CP). Medial line showing incompletely twinned crystals.
3b.2. (10x, CP). Medial line near the vein ege. Also showing shear direction,
Figure 10. C alc ite  m icrostructures fro m  Ford Creek veins.
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RL-22V
22v.1. (10x, CP). Type II e-twins.
22v.2. (10x, CP). Crystals are intensely twinned and show no subgrains.
Figure 11. C alc ite  m icrostructures from  the Bean Lake area.
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RL-30
30.1. (10x, CP). Randomly oriented crystals with neoblasts (upper right).
30.2. (lO x, CP). Randomly oriented crystals. Indicating shear.
Figure 12. C alcite  crystals from  veins along hwy. 287.
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RL-32C
32c. 1. (10x, CP). Type IV etwins. Note older and darker twin overprint.
32c.2. (10x, CP). Shows a “ghost” of an old grain boundary.
32c.3. (10x, CP). Center grain is less twinned than the one on the right. Left grain is zoned. 
Figure 13. M icrostructures o f  calcite from  hwy. 287.
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RL-35
35.1. (lO x, CP). Sub-euhedrat crystals with possible ghosts of old grain boundaries.
35.2. (10x, CP). Intensely twinned sub-grains.
Figure 14. C alcite  m icrostructures from  hwy. 200.
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II. North of Augusta
5. RL-12F. This sample was collected from along the road that stretches between Pishkun 
reservoir and Gibson reservoir. At this locality another organic black vein was found. The calcite 
sample is fibrous and there is some wall rock along the medial line. The presence of host rock 
fringe shows periodic crack opening along the veln-wall contact and antitaxial filling with fibrous 
calcite (Passchier and Trouw, 1996, Al-Aasm, 1995). There is minor yellow and orange 
luminescence around the wall rock-vein contact under a short wave UV-light. The crystals around 
the medial line are smaller grained that the surrounding ones. Wide and bent twins exist. There 
are twins within twins, indicating type III twinning. (Cf. RL-3b)
6 . RL-49. This sample is from Egg Mountain outside of Choteau. The area is covered in flat platy 
calcite veins. Under a short wave UV lamp this sample has a bright orange luminescence. This 
thin section appears simple but actually demonstrates complex shearing. The outer edges of the 
vein are slender elongate crystals. They are all bent in a uniform direction, suggesting shear 
strain. The middle of the vein is characterized by small neoblasts, type IV twinning. This 
suggests strongly that the vein began to recrystallize after the deformation event but there was 
insufficient heat to complete the transformation into a stable crystal configuration.
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RL-12f
12f. 1 (10x, CP). Kinked crystals showing compression during deformation.
\
12f.2 (10x, CP). Two medial lines. Center line indicates post-kinematic fluid injection.
Figure 15. Calcite m icrostructures from  Pishkun Canal road.
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RL-49
49.1. (lOx, CP). Elongate crystal-ends with fractures from the shear stress. Shear 
direction is indicated by the subgrains on the right side.
49.2. (lO x, CP). Elongate crystal-ends tapering off into subgrains.
Figure 16. C alcite  m icrostructures fro m  Egg M ounta in  veins.
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4.2 Solid petroleum veins
GHsonite and Gilsonite-Uke substances
Solid hydrocarbon veins were found at two locations in the field area, Ford Creek and
along the Pishkun Canal road. Analysis has identified them as an asphaltite, part of the bitumen 
family, and probably some form of gilsonite or a metamorphosed version of gilsonite called 
grahmite. Gilsonite is an immature or barely mature hydrocarbon and is not considered to be 
“dead oil” like anthraxollte (Swanson, 1981). As such, it is a valuable economic source if found in 
sufficient quantities. Commercial grade gilsonite is only known from only a few rare localities 
throughout the world, the type section is in the Uinta basin in Utah and the original name was 
thus Uintinite. In this field area it was found in veins intermingling with calcite, suggesting calcite 
was the mode of transport (Levorsen, 1967). The mineral is jet black with concoidal fracture and 
has a dark brown streak. Also it is soluble in toluene and turns to ash in a flame. Its hardness is 
comparable to a pocketknife. The hardness is the one feature of this mineral that differs from the 
Uinta gilsonite which has a hardness of about 2. Also, gilsonite is supposed to melt at high 
temperatures, rather than combust and turn to ash, as did this sample. Therefore I concluded 
that this mineral is metamorphosed gilsonite.
In the Uinta basin, the source rock for gilsonite is the Tertiary Green River Formation. 
This formation, composed of oil shale, marlstone, shale, siltstone, sandstone and ostracodal 
limestone was deposited into the lacustrine environment of Lake Uinta. In the Montana disturbed 
belt the formation which closely resembles the Green River Lake deposits would be the lower 
Cretaceous Kootenai limestone (Peterson, 1998 personal communication). The Kootenai 
Formation represents a series of continental lacustrine deposits. The lacustrine Kootenai 
deposits probably represent widespread lake systems that formed in the foredeep area of the 
western tectonic belt which was creating the Rocky Mountains (Peterson, 1986; Peterson, 1998 
personal communication). Economic concentrations of petroleum, mineral waxes, asphalts and 
asphaltites are rarely found in the location of their deposition. After formation, the family of 
asphaltites is commonly found filling fissures cavities or faults. Non-asphaltic pryobitumens are 
never found in faults (Abraham, 1945).
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Hydrostatic pressure is one of the primary modes of solid petroleum migration, due to the 
density difference between sailne water and hydrocarbons. Heat is aiso a iarge factor in causing 
hydrocarbons to migrate (Abraham, 1945). Sometimes, heat can drive soiid hydrocarbons into 
the iiquid phase and then migrate upwards. Other times, heat can vaporize the hydrocarbons and 
when they eventualiy condense in the cooler layers above, their chemical composition has been 
altered (Abraham, 1945).
Heat, time and pressure can cause petroleum to metamorphose into a suite of different 
bitumens and pyrobitumens. Clifford Richardson (1916) concluded that when asphaltic petroieum 
is metamorphosed at depth, it is converted into a more solid form of bitumen. During the 
metamorphism hydrogen is gradualiy eiiminated and the substance becomes enriched in carbon, 
and deveiops a complex chemical structure (Abraham, 1945). An increase in hydrogen facilitates 
the dissolution of calcium carbonate from the surrounding system by decreasing the pH of the 
system. As calcite is dissolved at depth there is an increase In the amount of calcite that can 
precipitate when the solution becomes supersaturated. So, calcite precipitation at low pressure is 
facilitated by the increased concentration of calcite in the fluid, due to the release of H^ ions.
Thus, presence of hydrocarbons and the plethora of calcite veins are an interrelated 
phenomenon.
4.3 Fluid Inclusions
If fluid inclusions throughout a vein are primary, with essentially the same composition 
and temperature of formation, they are said to be genetically related to the fluid which formed the 
vein (Holiister and Crawford, 1981 ). Since mixing of two or more varieties of fluids from different 
origins is unlikely, unless near the paleo-surface, (Weisbrod, in Holiister and Crawford, 1981), it 
may be possibie to determine whether the fluids for a given vein came from the upiift of the 
Lewis-Eldorado-Hoadley thrust piate or from injection of the sills into the foreiand basin, prior to 
the upiift. But care must be taken in assessing inclusion data. Most aqueous fluid inclusions in 
calcite are initially trapped before or during the maximum thermal event (Barker and Goldstein, 
1990). If there is a subsequent thermal event, the inclusions tend to re-equilibrate to higher
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temperature conditions. However a significant amount of re-heating may be needed to re­
equilibrate the entire population of fluid inclusions. Thus, it is common to see low temperature 
inclusions together with higher temperature inclusions (Barker and Goldstein, 1990).
Virtually all minerals contain fluid inclusions. However transparent minerals, such as 
quartz, calcite, barite, sphalerite, fluorite, etc. are most amenable for fluid inclusion analysis.
Fluid inclusions result from entrapment of fluid in crystal defects. Different methods of fluid 
entrapment result in different types of fluid inclusions: primary, secondary and pseudosecondary.
1. Primary inclusions are entrapped during the growth of the host crystal. They are surrounded 
by host mineral deposited at the same time the fluid was trapped (Hollister and Crawford, 
1981 : Roedder, 1984). Primary inclusions are necessary to determine precipitation 
temperature, salinity, and composition during crystal growth (Foreman and Dunne, 1991).
2. Secondary inclusions are formed after the growth of the host crystal. They commonly occur 
along healed fractures as trails or in clusters. The characteristic form of secondary inclusions 
is “necking down" (Roedder, 1984). Necking-down is a process of dissolution and re- 
precipitation of the host mineral in which a fluid inclusion evolves from a higher to lower 
surface energy and surface area (Leach and Rowan, 1993). Secondary inclusions indicate 
environmental and chemical conditions after crystal growth, (Foreman and Dunne, 1991).
3. Pseudo-secondary inclusions are in the overlap zone between primary and secondary 
inclusions. These form when crystals fracture during growth and entrap the crystal forming 
fluids and the inclusions have the appearance of secondary inclusions, but are actually 
primary inclusions (Roedder, 1984).
Calcite is an unreliable mineral for trapping fluid. Calcite deforms easily and often leaks 
the trapped fluid. Additionally, calcite Inclusions can easily be re-set to record a hotter or colder 
thermal event, which may not be the fluid that formed the vein (Foreman and Dunne, 1991). 
However, the fluid inclusions studied in this project show a consistent temperature range and 
there was no correlation between size of inclusion and temperature of homogenization (Evans, 
1995). Thus, these inclusions can be relied upon to portray an accurate description of the fluids 
that moved through the disturbed belt.
Samples:
RL-22V displayed the highest temperatures, ranging from 246.6°C to 383.5°C, these 
temperatures most likely reflect an igneous source.
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RL-32C is further from the thrust front and displays temperatures from 190.1°C to 
286.6°C. the temperatures are hotter than expected for a thrust-faulted area.
Sample RL-35 had many leaked inclusions and many that were filled entirely with liquid, 
indicating a fluid temperature of 70°C or less. However, there are a series of hotter temperatures 
ranging from 240.2°C to 271.1°C. The statistical relevance of this cluster of high temperatures 
leads to the conclusion that the fluids were heated above normal thrust-faulting temperatures.
Similar results were obtained from RL-12f. The temperatures range from 171.5®C to 
288.5°C. Again possible is indicating a magmatic source for the elevated temperatures.
4.4 Fluid Geochemistry: CaCOa, CC^and Hydrocarbons.
CaCOa is slightly soluble in pure water. When the fugacity of CO2 increases, the solubility 
rate jumps exponentially (Fyfe, 1978; Bathurst, 1971):
1. C O 2 (g) +  H 20 (|) ^ ^ H 2C O a(aq )
2. H2C03(aq) H C O 3" (aq) + H " (aq)
3 . HCOs' (aq, COs^- (aq)
4. H2CO3 (aq) (aq) + HC03* (aq)
5 .  (aq, +  H C O q -  ( a q , < " »  C s H C O a *  (aq,
6 . C a ^  (aq,'*' C O s ^  (aq, ^ ^ C a C O s  (s,
These equations are intrinsically related to the temperature and enthalpy of the system. 
Increasing temperature decreases solubility, due to the influence of the C0 2 gas which is 
less soluble in hot water (Moore, 1989). At temperatures around 300°C calcite solubility 
decreases and precipitation is likely (Bathurst, 1971; Fyfe, 1978). This phenomenon is 
commonly seen in nature where calcite dissolves at great depths (roughly 4.25 km) in the cold 
ocean, at the calcite compensation depth. Conversely, calcite precipitates easily in tropical water 
or hot springs.
Faulting and fracturing commonly allow CO2 to de-gas and there is a sudden drop in 
pressure. These factors can result in extensive and almost instantaneous calcite precipitation in 
the fracture system (Roehi and Weinbrant, 1985). Commonly, when veins form by rapid 
degassing, hydrocarbons are associated with the calcite, as stains, fluid inclusions and solid 
bitumens (Roehl and Weinbrant, 1985). All three forms of hydrocarbons are seen in the field 
area. These hydrocarbons provide further evidence that veining is directly associated with 
tectonic activity.
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Calcite solubility and precipitation is also affected by other factors such as NaCI 
concentration and pH (Engelder, 1984). The addition of NaCI to the system will increase calcite 
solubility, but temperature is a stronger factor in overall calcite solubility (Fyfe, 1978). When a 
strong acid is present calcite will readily dissolve: CaCOg (s) + 2H \aq^C a + H2 0 (i) +CO2 (g).
As previously mentioned the thermal degradation of hydrocarbons above 150°C releases ions 
into the solution, which promotes calcite solubility.
The solubility of calcite determines the minimum volume of water that can pass through a 
system to transport a given percentage of the rock out of the system. With an increase in 
pressure there is an increase on the elastic strain at grain contacts. Increasing the strain 
between grains leads to an increase in chemical potential energy. The increase in potential 
energy can lead to a mechanical increase in solubility and thus dissolution. This process Is known 
as pressure solution. Thorn (1996) concluded that in some places at least 24% of the Rierdon 
Formation had been removed by pressure solution. Therefore, an enormous amount of fluid was 
being generated and removed from the system via structures such as faults. In conclusion, it 
seems unlikely that the disturbed belt has retained hydrocarbon reservoirs. Most likely, the liquid 
petroleum found passage out of its structural trap along the vein aqueducts, as evidenced by the 
solid petroleum veins as well as the petroleum staining and fluid inclusions within the calcite 
veins.
Chapter 5 
Discussion
The calcite veins along the Rocky Mountain front offer many clues about their origin, 
mode of formation, and source of components. The orientation, microstructure and fluid inclusion 
data combine to suggest a sequence of vein formation and deformation with subsequent 
deformation and further fluid injection. Additionally, the processes responsible for the formation 
of calcite veins may have destroyed the petroleum reservoirs within the disturbed belt.
Was calcite vein formation due to fluid expulsion from sill injection or Laramide deformation?
Calcite veins in the leading edge of the disturbed belt may have been formed by one of 
the following processes; 1) Cretaceous sill injection into an undeformed basin drove off basinal 
brines; 2) calcite veins in the foreland beneath and in front of the Lewis-Eldorado-Hoadley plate 
may have been created by fluids driven out in advance of the plate as it prograded eastward; 3) 
dewatering due to rapid sediment accumulation as the thrust plate moved eastward may have led 
to vein formation. As such the veins provide direct evidence of the fluid movement within the 
basin. If the veins were emplaced by magmatic activity before deformation commenced we 
would expect to see: 1 ) very high temperatures of formation (300°C and above); 2) little to no 
microstructure deformation; 3) deformation of the veins by folding and faulting. Conversely, if the 
veins resulted from thrust faulting we would expect the veins to display these features: 1 ) 
moderate temperatures of formation (50°C- 200°C); 2 ) intense microstructure deformation; 3) 
spatial orientations to reflect the compression direction. However if the veins resulted from 
dewatering of sediments during rapid accumulation and compaction we would expect to see 1 ) 
moderate temperatures of formation; 2) little to no microstructural deformation; 3) little to no 
macroscopic deformation of the vein.
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I. South of Augusta
South of Augusta, the disturbed belt takes an enigmatic turn in the otherwise uniform 
northwest trend. The major thrust faults of this area are concordant with the northeast-verging 
deformation that defines most of the disturbed belt. There is also a prominent ‘unexplained’ 
northeast-verging fabric which is most likely a result of interference caused by the 
Scapegoat-Bannatyne trend with Cretaceous thrusting. There is little published data to support 
this hypothesis but nevertheless there has been quite a bit of speculation (Alpha, 1955; Mudge, 
1972b). Fascinatingly though, the vein data for this area, which was plotted on stereonet 
diagrams, shows low statistical significance, the veins plot in a random array. On the other hand 
the slickenside data consistently displays a firm northeast-southwest trending girdle. The pattern 
of scattered veins and well-defined slickenlineations can be explained by two of the hypotheses 
presented above: 1) there was a massive fluid expulsion event due to the emplacement of the 
Cretaceous pyroxene andésite sills which gave a random disoriented pattern to the resulting 
veins; 2) As the deformation front prograded eastward it drove fluids out further to the east and 
eventually the deformation front reached each of the field sites and thus slickensides developed 
along the planes of slip. Different aspects of the evidence support initial hypotheses, 1 and 2. 
However, the evidence does not support the third theory of sediment dewatering due to rapid 
compaction.
f. Ford Creek: There are possibly two veining events depicted by the stereonet diagram. One is a 
girdle of veins that plot all across the diagram but generally dip to the southeast and indicate that 
the veins are folded. Thus, some of the veins are pre-kinematic with respect to folding. The 
other event seems to be related to a massive fluid expulsion event that is unrelated to Cretaceous 
deformation; these veins dip primarily to the northwest. In the Ford Creek area there is a 
northeast-striking fabric, sympathetic to the Scapegoat-Bannatyne tend, composed of normal 
faults that dip to the northwest, closely correlating with the second set of veins seen on the 
stereonet. The slickenlineations show a strong northeast-southwest girdle, indicating slip along 
bedding during deformation.
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Thin section analysis of sample RL-3b, which was taken from a folded vein, reveals 
fascinating microstructures. The fibrous crystals appear dense and oriented in a uniform direction. 
Three episodes of fluid injection are seen in the antitaxial growth pattern. Type III twinning is 
observed by bent twins and incompletely twinned grains. Incompletely twinned grains indicate a 
fluid injection after the original crystals were twinned, which is evidence of a fluid injection after 
the vein was formed. Unfortunately there was no fluid inclusion data for this area. The sample 
was too dark and murky to display inclusions. Overall, though, it seems that this area 
experienced multiple vein events due to both sill injection and tectonic movement. This 
interpretation is logical, because this area is the closest to the Cretaceous sills as well as near to 
the heart of deformation.
2. Area around Bean Lake: The veins here dissect Big Skunk volcanic sequences. The stereonet 
data shows two vein sets that are roughly 90'' from one another, suggesting that they are a 
conjugate pair formed in a single fluid event with a single stress regime. Slickensides shows slip 
along at least one vein-set plane. This slip direction is consistent with formation of the conjugate 
vein sets.
Microstructural analysis shows large, well-formed calcite rhombs, indicative of calcite 
filling a rapidly opening void. The sample has highly twinned grains next to grains with a less 
dense twin assemblage and most crystals display type II twinning. Along the matrix-vein interface 
there are some zoned crystals, indicating changing composition or temperature during vein 
formation. Fluid inclusions yielded remarkably high temperatures from this area. Out of 23 
inclusions sampled the temperatures averaged 252.6° 0  in one set of trials and 380°C in another. 
Additionally, the zeolite laumontite was found by XRD analysis. The zeolites most likely 
precipitated into the open cavities as fluids were circulating through the volcanics. Thus, it 
appears that these veins were deposited in a single expulsion event, resulting from the magmatic 
activity to the west. The zoned crystals suggest that the expulsion event was most likely 
punctuated by spurts of fluid injection.
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3. Highway 287: The vein stereonet displays a prominent northeast trending girdle. It seems likely 
that these veins reflect the Cretaceous deformation which created the many anticlines and 
synclines in the immediate area. The sample site is not far from the corrugated folds that 
surround the Augusta syncline. Similarly, the slickenside stereonet reflects a more scattered 
nature than most other slickenlineation plots. This variation in slickenlineation direction is possibly 
due to the more diverse nature of the deformation pattern in the area.
The Cretaceous Horsethief Formation preserved two types of veins, one is an 
aragonite replaced by calcite vein and less than a hundred meters away is a pure calcite sample. 
This leads to the conclusion that the aragonite sample was created by mechanical shearing of the 
host rock as the veins were being deposited (Reeder, 1985). Evidence is seen from the 
microstructures, where RL-30 is highly sheared. The crystal blades are at low angles to the host 
rock and rip-up-clasts of matrix are found within the vein. XRD analysis shows calcite and not 
aragonite. Since mechanically produced aragonite would be metastable at low pressure, it 
probably reverted to calcite shortly after being formed (Gellatly, 1999). Sample RL-32c is 
composed of intensely twinned calcite rhombs with serrated twins offsetting straight twins. This 
shows a type IV twin pattern and thus implies deformation and an elevated temperature of 
formation.
Fluid Inclusion analysis of RL-32c yields temperatures that average 203.9 in one set of 
trials and average 273.5 in another. This indicates probably two fluids that were moving through 
the host rock In a syn-deformational fluid expulsion event.
4.Highway 200, Highway yard area. Statistically there are not enough data points to determine a 
vein orientation, however, based on field observations and previous studies In the area, the veins 
appear to be folded with a hinge line trending to the northwest.
The thin section, RL-35, shows many zoned crystals. Zoned crystals indicate a 
fluctuating fluid composition or temperature. The twins in this sample appear tapered and slightly 
curved, indicating a type III twin pattern. Some twins are kinked showing compression of the
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vein. The wall-rock interface appears slightly brecciated, further indication of multiple fluid 
events.
There were no primary inclusions observed. The secondary inclusions yielded a tight 
cluster of temperatures around 255.3®C. Usually if any fluid remains after deformation, the 
temperature recorded by the inclusions will be higher than the original trapping temperature 
(Barker and Goldstein, 1990). This must be kept in mind while analyzing fluid inclusions from 
deformation zones. However, since the temperatures are consistent and they are not correlated 
with inclusion size, it is reasonable to conclude that they represent a fluid event (Foreman and 
Dunne, 1991 ). Additionally, thin section analysis shows that the sample is stained with 
hydrocarbons, giving further evidence of a large volume of fluid passing through the system, 
perhaps after the original veins were deposited. Therefore It can be concluded that this area 
experienced a pre-deformational fluid event as well as a syn-deformational fluid event which likely 
"erased" any earlier fluid inclusions.
II. North of Augusta
As previously discussed, the disturbed belt north of Augusta has a strike different from 
the area to the south. The vein evidence reflects this difference quite well. Moving north past 
Augusta the northeast trending slickensides change to a north-south and east-west pattern. At a 
first glance this seems odd, the slickensides should be east west, not north south, if they are 
reflecting the horizontal compression. But it appears that they are reflecting slip along the near 
vertical bedding found in the area. Thus, the slickensides reflect the change in strike of the 
thrust front from the northern section to the southern section of the field area. The data 
presented for this section of the field area supports a theory of fluid expulsion from either thrust- 
faulting or magmatic activity. There is no supporting evidence for the theory of fluid expulsion 
due to sediment dewatering.
5. Pishkun Canal road: North-south near vertical slickenlineations indicate essentially vertical 
transport, perhaps showing bedding-parallel slip on near-vertical bedding. The slickenslides are
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congruent with bedding parallel slip in a nearly vertical section of stratigraphy. East-west 
convergence is expected and is seen vaguely In the stereonets.
Veins containing calcite and solid hydrocarbons were found here. One vein was almost 
completely metamorphosed bitumen with traces of calcite. Also the ‘pure’ calcite, in thin section, 
is heavily stained with hydrocarbons. The microstructures in sample RL-12f show a remarkably 
clear picture of vein opening and calcite deposition in roughly three subsequent fluid events. The 
twins are wide and bent and some are themselves twinned, evidence for type III twinning. The 
combination of microstructure evidence with hydrocarbon staining suggests that thrust-faulting 
was the source for the fluid overpressure. However this does not rule out a magmatically carried 
thrust sheet (or some source for elevated temperatures). But veins resulting from sill injection at 
this location are unlikely.
6 . West o f Chateau: The veins here are mostly bed-parallel and others lie along a girdle that 
encompasses the poles to bedding and poles to cleavage. This data compliments previous work 
done by Thorn (1996) in the area. In thin section, a simple shearing of the vein is seen. The outer 
edges of the vein are thin elongate crystals oriented in a uniform direction, similar to 3b from Ford 
Creek, but the center of the vein is composed of many small subhedral grains. It seems to 
indicate that there was insufficient heat to finish recrystallization. This is supported by the fluid 
inclusions, which suggest the fluid never exceeded 70®C. Therefore, in this region it seems 
unlikely that sill injection was the source for these veins. Microstructure analysis proves to be 
complex for this vein sample. On one hand the sample shows strings of small neoblasts in the 
center of the vein, while at the same time the crystals are virtually untwined. The twin pattern 
seems contradictory. After careful examination of all the evidence, it seems that the 
microstructures are reflecting simple shear during the formation of the Willow Creek anticline.
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Other studies
Nesbitt and Muehlenbachs (1995), roughly on the northwest flank of the Purcell 
anticlinorium, studied quartz veins that represent the crustal fluids of the northern Rocky 
Mountains In Canada. Their field area covered 100,000km^ of the southern Omineca Belt, an 
interior metamorphic zone. (Figure 17). Fluid inclusion results yielded temperatures of 250®C to 
320°C. It was concluded that these veins were formed by metamorphic devolitization. Close to 
the Montana border the Proterozoic units yielded fluid Inclusion temperatures of 300°C to 380°C, 
which the authors interpreted as being a result of fluid expulsion from the emplacement of nearby 
Cretaceous plutons. They believe that their fluids were confined to circulating within the fracture 
system by the widespread formation of quartz and carbonate veins.
In another study of the Canadian Rocky Mountains, R. A. Price, Kirk Osadetz, Barry 
Cohn, and Shimon Feinstein have been working on a fission-track study of the thermal evolution 
of the Lewis thrust sheet and its neighboring rocks. Their data indicates that temperatures were 
above the annealing temperature for apatite, about 110®C but below 230°C, the annealing 
temperature for zircon. Price has concluded from these temperatures that the thrust sheets were 
quenched as they were being uplifted and displaced along thrust faults. Additionally, there is 
evidence to suggest that that the underlying Cretaceous rocks were not heated substantially (R. 
A. Price, personal comm. 1999). This evidence supports the work done by Hoffman, Mower and 
Aronson (1976), who concluded that temperatures in the bentonite layers of the disturbed belt did 
not exceed about 200®C.
Synthesis o f evidence
Although the evidence presented by Nesbitt and Muehlenbachs (1995) and Price et al., 
(1999) seems to contradict the data collected in the disturbed belt of Montana, there is a possible 
explanation: emplacement of the Boulder batholith and associated sills locally elevated the fluid 
temperatures.
Thorn (1996) demonstrated that the pressure solution and subsequent dissolution of the 
Jurassic Rierdon Formation limestone must have increased pore fluid pressure. An increase in
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Figure 17. Map of southern Omineca Belt and adjacent portions of the Rocky Mountains and Intermontane 
Belts (Nesbitt and Muehlenbachs, 1995).
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pore fluid pressure can do three things; 1 ) lower the differential stress necessary to cause rock failure and 
permit fracturing at depth where the rock would ordinarily be stable or ductile; 2) shift the conditions of 
frictional sliding from those favoring stick-slip to stable sliding; 3) shift deformation from cataclastic flow to 
frictional sliding. (Twiss and Moores, 1992). Thus, the presence of veins and extensive fracturing as well as 
the evidence of increased pore fluid pressure during deformation suggests the thrust sheets were moving by 
frictional sliding. However, frictional sliding cannot account for the elevated fluid temperatures found from 
fluid inclusion analysis.
West of the study area, in the heart of the disturbed belt, it becomes exceedingly difficult to 
determine orientation, direction and cross-cutting relationships of the veins. This is due to either vein 
absence or almost complete replacement of the limestone with calcite. Hoffman et al, studied the bentonite 
layers found in this area, around Gibson Reservoir. They determined that the temperatures in this particular 
region never exceeded 200°C. Thus it is possible that the center region never experienced thermal activity 
exceeding 200°C, while the fluids in the leading edge of the thrust sheet experienced temperatures of 
roughly 350°C. Since the fluid inclusion evidence suggests a hot fluid and the research on the metamorphic 
grade of the rocks suggests cooler rocks, it can be inferred that there was a hot fluid moving through cold 
rocks, rather than an actual temperature change within the rocks.
Looking at the larger picture of Cretaceous geological events, the Boulder batholith was being 
emplaced at roughly the same time thrusting was taking place along the Lewis-Eldorado-Hoadley fault 
system. Overlying the Boulder batholith are the volcanic flows and detritus of the Elkhorn Mountains 
Volcanics. The presence of the Elkhorn Mountains Volcanics is seen in the Cretaceous Two Medicine, Big 
Skunk and Horsethief Formations, which were shed off the top as the batholith was being emplaced from 
beneath. Sears and Chamberlain (1998) noted that the sills are of the correct age, composition and 
distribution to be intrinsically related to the emplacement of the Boulder batholith. Thus, there is a strong 
correlation here between the movement of the thrust slabs, emplacement of the Boulder batholith and the 
sills, and the movement of large volumes of water out of the system. Evidence to support this hypothesis is 
seen from the vein samples that yield high fluid inclusion temperatures and are from folded veins. See 
following figure for a schematic isograd map (Figure 18). Therefore the magmatic activity that was occurring 
throughout the foreland created a suite of veins that record a pre-kinematic fluid expulsion.
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Price et al., 1998).
Chapter 6 
Conclusion
Calcite veins along the leading edge of the disturbed belt record several fluid expulsion 
events and documents the passage of hydrocarbons from their structural traps or source rocks. 
The veins show fluid movement resulted from magmatic activity as well as from thrust-faulting. 
Differences in mode of vein formation are seen from style of deformation, microstructure and fluid 
inclusion temperatures.
Vein geometry varies widely between outcrops as well as within the same outcrop. This 
difference in orientation and scale causes scattered vein patterns on many of the stereonet 
diagrams. However, the stereonet diagrams for the slickensides showed remarkable consistency 
and clustering. Thin section analysis revealed an interesting array of microstructures. Simple 
shearing produced veins with elongate fibers oriented in a uniform direction. More intense 
deformation resulted in crystals that were kinked by compression and intensely twinned, often 
offset by a serrated fabric of older twins. Veins that experienced several fluid injections show 
dilation and are partially recrystallized. Pre-kinematic veins show higher temperatures of 
formation and more profound deformation. Syn-deformational veins have moderately high fluid 
temperatures and intense twinning and other deformationai features.
In conclusion vein formation in the disturbed belt of west-central Montana is intrinsically 
related to the fluids which were expelled by the magmatic activity of sill injection as well as to the 
fluids released by tectonic activity as the fold and thrust belt prograded eastward.
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Figure 19. X-ray diffraction pattern of vein sample RL-3b. Conversion of 2 theta values to A®: 
22.8=3.9A°; 26.4=3.37A®; 29.2=3.06A®; 35.8=2.5A®; 39.4=2.29A®; 43=2.1 A®; 47.6=1.92A®; 48.6=1.88A'
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Figure 20. X-ray diffraction pattern o f vein sample RL-22v. Conversion o f 2 theta values to A® 
22.8= 3.9A®; 29.2= 3.06A®; 31.2=2.86A®; 35.8=2.5A®; 39.2=2.29A®; 43=2.1 A®; 47.2= 1.92A®; 
48.2=1.88A®
RL-26, Bean Lake area
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Figure 21. X-ray diffraction pattern o f vein sample RL-26. Conversion of 2 theta values to A®;
9= 9.82A®; 12.6=7.08A®; 21.2= 4.23A®; 25.2=3.5A®; 29.2=3.06A®; 35.8=2.5A®; 39.2=2.29A°; 43=2.1 A ' 
47.2=1.92; 48.2= 1.88A®
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Figure 22. X-ray diffraction pattern o f vein sample RL-30a. Conversion of 2 theta values to A®: 
22.8=3.9A®; 26.4=3.37A®; 29.2=3.06A®; 35.8=2.5A®; 39.4=2.29A®; 43=2.1 A®; 47.6=1.92A®; 48.6=1.88A®
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Figure 23. X-ray diffraction pattern o f vein sample RL-30b. Conversion of 2 theta values to A®; 
22.8=3.9A®; 26.4=3.37A®; 29.2=3.06A®; 35.8=2.5A®; 39.4=2.29A®; 43=2.1A®; 47.6=1.92A®; 48.6=1.88A'
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Figure 24. X-ray diffraction pattern o f vein sample RL-35. Conversion of 2 theta values to A°:
22.9=3.88A°; 26.5=3.36A®; 29.2=3.06A®; 35.8=2.5A°;39.2=2.3A°; 43.1=2.09A°; 47.2=1.9A=;48.2 =1.8A‘
RL-35a, HWy 200
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Figure 25. X-ray diffraction pattern o f vein sample RL-35a. Conversion of 2 theta values to A®: 
9=9.82A®; 12.5=7.08A®; 21=4.23A°; 24=3.7A®; 25.1=3.54A°; 26.2= 3.4A®; 29.1=3.07A®; 35.6=2.4A" 
39.2=2.29A®
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RL-12, Pishkun canal road
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Figure 26. X-ray diffraction pattern o f vein sample RL-12. Conversion of 2 theta values to A ' 
23=3.8A°; 29.2=3.06A"; 35.8=2.5A"; 39.5=2.28A°; 43=2.1 A®; 47.2=1.92A®; 48.2=1.88A®
RL-49, Egg Mountain
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Figure 27. X-ray diffraction pattern of vein sample RL-49. Conversion of 2 theta values to A®: 
22.8=3.9A®; 29.2=3.06A°; 35.8=2.5A®; 39.4=2.29A°; 43=2.1 A®; 47.6=1.92A®; 48.6=1.88A®
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Figure 28. Combined data from South of Augusta, upper set of stereonets, and North of Augusta, lower set 
of stereonets. Dots represent poles to planes of veins. Plus signs represent slickenlineations.
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Figure 29. Ford Creek area. Dots represent poles to planes of veins. Plus signs represent slickenlineations.
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Scatter Plot:
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Scatter Plot:
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Figure 30. Bean Lake area. Dots represent poles to planes of veins. Plus signs represent slickenlineations.
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Scatter Plot:
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Figure 31. Highway 287, between Augusta and Highway 200. Dots represent poles to strike and dip planes 
o f veins. Plus signs represent slickenlineations.
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Scatter Plot:
N = 5; first line = 1 ; last line = 5; Symbol = •
Figure 32. Stereonet from the highway yard on 200. Dots represent poles to strike and dip planes of veins.
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Figure 33. Stereonets from North o f Augusta. Upper diagram is from Pishkun Canal road. Lower diagram 
is from the area west o f Choteau. Dots represent poles to strike and dip planes o f veins.
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RL-22V i l22v cont'd : RL-32C RL-35 ! RL-12f ! |12fcon’t
Incl Temp Incl Temp : Incl Temp ! Incl (Temp Incl Temp 1 (Incl (Temp
#1 356.8; #14 250.1 #1 213.1 #1 262.8 #1 276.7 #14 ; 173.5
#1 ; 357.3 i #14 251.1 #1 212.5 #1 263.1 #1 276.9 #14 1 173.7
#2 355.91 i#14 250.9 #1 213.9 #1 263.5 #1 277.3 #14 1 173.9
#2 ; 356.41 #14 251.31 #1 211.9 #2 260.1 #2 284.2 #15 145.1
#2 1 356.81 #15 255.4 #2 209.8 #2 260.2 #2 285.9 #15 174.2
#3 ‘ 322.1 #15 255.1 #2 1 210.1 #2 260.4 #2 286.1 #15 174.6
#3 , 322.1 #15 255.2 #2 208.9 #2 260.8 #2 286.2 #15 174.9
#4 344.21 #15 j 248.5 #3 205.5 #3 257.8 #3 275.4 #16 171.4
#4 : 344.7! #15 ! 248.6! #3 205.6 #3 258.1 #3 275.6 #16 171.9
#4 : 345.11 #16 247.91 #3 206.1 #3 259.1 #3 275.7 #16 172.1
#5 , 347.51 #16 246.61 #3 205.9 #4 240.2 #3 275.9 #16 172.2
#5 ; 348.61 #16 1 247.91 #4 212.6 #4 240.6 #3 276.1
#5 ; 349.11 #16 248.11 #4 212.1 #4 240.9! #4 270.8
#6 319.81 #17 260.31 #4 211.9 #5 271.5 #4 270.9
#6 320.61 #17 260.61 #4 211.7 #5 271.8 #4 271.1
#6 321.2! #17 1 261.81 #5 199.9 #5 272.1 #5 244.71
#7 346.11 #17 j 262.11 #5 199.5 #6 235.7 #5 244.9
#7 i 346.61 #18 253.71 #5 199.1 #6 235.9 #5 245.3
#7 , 346.91 #18 253.91 #5 199.8 #6 236.1 #5 246.1
#7 347.1 #18 255.11 #6 203.3 #7 239.8 #6 240.6
#8 ; 350.81 #19 248.91 #6 203.6 #7 240.1 #6 240.9
#8 , 352.2 #19 249.2! i#6 203.9 #7 240.3 #6 242.5
#8 352.4 |#19 249.61 #7 206.1 #8 265.7 #7 255.4
#8 : 352.6 #19 249.9! #7 205.9 #8 265.8 #7 255.8
#8 353.11 #20 377.21 #7 205.7 #9 265.7 #7 256.9 1
#9 : 357.81 #20 I 377.91 #8 193.4 #9 266.1 #7 257.1
#9 1 357.91 #20 1 378.5 i #8 194.1 #9 266.9 #8 247.3 !
#9 ; 358.11 #21 377.8! #8 193.6 #10 266.3 #8 247.4 it
#9 358.81 #21 383.31 #8 195.1 #10 266.2 #8 247.9
#9 359.31 #21 383.41 #9 190.1 #10 265.9 #8 249.1
#10 ! 347.41 #21 383.9! #9 190.9 #9 290.2
#10 1 348.1 #22 377.3! 1 #9 191.1 #9 291.1
#10 1 343.21 #22 1 377.91 #9 192.1 #9 L  291.3
#10 i 346.8 #23 1 381.7 #1 208.8 #10 240.7 i
#11 1 343.9 #23 382.4 #1 209.1 #10 241.1
#11 1 343.6 #23 383.5! #1 286.8 #10 241.2
#11 ! 343.9 #24 1 381.21 #1 286.5 #11 288.5 i '
#11 ; 343.61 #24 1 381.31 i#1 286.7 1 #11 288.6| ,
#12 i 347.7 i #24 j 381.91 !#1 258.9 ... _ . . .  ^ #11 288.7' 1 j
#12 ' 347.61 #25 : 378.31 #1 259.1 #12 244.8! 1
#12 I 348.11 #25 377.9! #1 259.2 #12 1 245.1! 1
#12 348.21 1#25 ' 378.5i j#1 274.8 #12 245.5
#13 1 352.2! ; 1 : #1 274.7 #13 289.4 1
#13 i 354.6i i i#1 275.1 i 1 #13 290.2 1
#13 1355.11 1 1 j #13 290.6 1 1
#13 i 351.81 I ' !
1 1
Figure 34,
